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I .  INTRODUCTION 


Fatigue  cracks  in  metals  generally  nucleate  at  or  near  a  free 
surface.  Since  the  initial  growth  rates  of  microcracks  are  in  the  near¬ 
threshold  region  (*  10“6  mm/cycle),  fatigue  cracks  spend  a  significant 
portion  of  their  lifetimes  in  the  near-surface  region.  Thus,  the  resid¬ 
ual  stress  state  at  the  surface  produced  by  common  mechanical  and  thermal 
processing  can  have  a  marked  effect  on  the  fatigue  behavior  of  a  material. 

In  addition,  aggressive  environments  can  dramatically  change  crack  growth 
behavior  in  the  near- threshold  region,  either  acting  alone  or  in  conjunc¬ 
tion  with  an  imposed  surface  residual  stress  state.  This  report  details 
current  results  of  an  ongoing  program  to  quantify  the  relationship  between 
surface  condition,  environment,  and  fatigue  microcrack  growth. 

The  approach  utilized  in  this  program  is  to  quantify  the  effects  of 
surface  residual  stresses  and  environment  on  surface  crack  opening  displace¬ 
ment  (SCOD)  behavior.  Since  COD  can  be  directly  related  to  crack  growth 
rate  [1,2],  these  data  can  be  used  to  correlate  these  parameters  with  fa¬ 
tigue  behavior.  A  loading  stage  which  operates  in- situ  in  an  SEM  is  be¬ 
ing  used  to  generate  SCOD  vs.  load  data  for  microcracks  in  Ti-6A1-4V  and 
4140  and  HY-130  steels. 

Current  results  of  experimental  observations  are  presented  herein 
that  compare  SCOD  behavior  in  the  presence  of  various  levels  of  compres¬ 
sive  stress.  In  addition,  SCOD  behavior  is  compared  for  air  and  salt¬ 
water  environments.  A  previously-developed  analytical  approach  for  the 
prediction  of  SCOD  behavior  has  been  applied  to  cracked  steel  specimens. 

The  results  are  compared  to  those  generated  previously  in  a  titanium  alloy. 


Furthermore,  the  preliminary  application  of  a  boundary  integral  program 
for  the  calculation  of  crack  profiles  under  the  influence  of  surface 
residual  stresses  is  also  discussed.  A  detailed  description  of  the 
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analytical  approach  is  presented  in  a  paper  which  has  been  accepted  for 
an  ASTM  Special  Technical  Publication  on  Residual  Stress  Effects  in 
Fatigue.  A  copy  of  the  paper  is  attached  as  an  appendix. 
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II.  DIRECT  OBSERVATION  OF  SCOD  VS.  LOAD  BEHAVIOR 


A.  Experimental  Procedure 

Experiments  were  performed  on  4140  and  HY-130  steels.  The  4140 
specimens  were  machined  from  a  6.25  mm  rolled  plate,  while  the  HY-130 
specimens  were  machined  from  a  50.8  mm  rolled  plate  in  the  quenched-and- 
tempered  condition.  The  microstructures  of  the  two  steels  are  shown  in 
Figure  1,  while  the  alloy  compositions  are  summarized  in  Table  I. 

A  cantilever  beam  fatigue  specimen  was  used  to  promote  surface 
crack  initiation.  Figure  2  shows  the  straight-sided  specimen.  A  small, 
roughly  semicircular  starter  notch  (»  125  u  long  and  60  u  deep)  was  placed 
in  the  center  of  the  gage  by  electrical  discharge  machining  (EDM) .  It  can 
be  seen  from  the  figure  that  slots  are  incorporated  in  the  grip  sections 
to  allow  for  fixturing  into  the  SEM  tensile  loading  stage  after  the  ini¬ 
tiation  of  cracks  in  the  bending  rig. 

The  SEM  loading  stage,  developed  at  SwRI  [3],  is  shown  in  Figure  3. 
The  stage  is  capable  of  cyclically  loading  a  specimen  in  tension-tension 
at  loads  up  to  3800  N,  at  frequencies  ranging  from  0-5  Hz,  while  maintain¬ 
ing  the  area  of  interest  within  the  viewing  screen  of  the  SEM  and  in  focus. 
Crack  behavior  can  be  videotaped  and  replayed  for  analysis  of  crack  opening 
displacement  response.  In  addition,  samples  can  be  statically  loaded  in 
tension  at  loads  up  to  4900  N. 

A  sample  of  4140  and  several  HY-130  samples  were  notched  by  EDM  and 
precracked  in  bending  between  the  strain  limits  of  0.15  ±  0.25%  (0.10  ± 
0.18%  for  the  4140).  The  HY-130  specimens  were  then  shot-peened  at  an 
intensity  of  0.011  A.  All  of  the  specimens  were  then  metallographically 
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(a)  4140 


(b)  HY-130 


FIGURE  1.  MICROSTRUCTURES  OF  ALLOYS  STUDIED 
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TABLE  I 

NOMINAL  ALLOY  COMPOSITIONS 


Material 


4140 


HY-130 


Element 


C 

Mn 

P  (max) 
S  (max) 
Si 
Cr 
Mo 


C 

Mn 

P  (max) 
S  (max) 
Si 
Ni 
Cr 
Mo 
V 


Wt-Pct 


0.38  -  0.43 
0.75  -  1.00 
0.035 
0.04 

0.15  -  0.30 
0.80  -  1.10 
0.15  -  0.25 


0.12 

0.60  -  0.90 
0.01 
0.015 

0.20  -  0.35 
4.75  -  5.25 
0.40  -  0.70 
0.30  -  0.65 
0.05  -  0.10 


0625  thick 


FIGURE  2.  SPECIMEN  DESIGN 
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polished  to  remove  the  EDM  notch  while  leaving  a  small  surface  crack. 

Those  samples  which  had  been  shot-peened  were  polished  on  both  the  front 
and  back  faces  to  prevent  bowing.  Micrographs  of  the  resulting  cracks  are 
presented  in  Figures  4-8. 

The  d  vs.  sin^'l*  X-ray  diffraction  technique  [4]  was  used  to  measure 
the  residual  stress  level  on  all  of  the  specimens.  A  computer  program  de¬ 
veloped  during  the  first  year  of  this  program  was  used  to  perform  a  second- 
degree  curve  fit  to  the  intensity  vs.  29  data  obtained  from  the  X-ray  stress 
measurements.  Enough  points  are  used  to  determine  the  peaks  of  interest  at 
■p  =  15,  30,  and  45°;  then  the  peak  positions  and  d  spacings  are  calculated. 
The  slope  of  d  vs.  sin->|;  is  obtained  and  used  to  calculate  the  residual 
stress.  The  coefficient  of  correlation  for  the  linear  curve  fit  is  gen¬ 
erally  in  the  range  of  97-99 %  indicating  a  high  degree  of  accuracy  in  the 
measurements. 

A  0.2°  receiving  slit  and  a  3°  primary  beam  slit  were  used  for  all 
measurements.  The  3°  primary  beam  slit  was  masked  with  a  127  um  thick 
alpha  brass  foil  to  restrict  the  height  of  the  beam  impinging  on  the 
sample  surface  to  within  the  thickness  of  the  gage  section.  No  Soller 
slits  were  used  and  the  measurements  for  all  peaks  were  performed  with 
the  detector  at  the  focus  position  for  each  peak.  Cr  radiation  with 
a  vanadium  oxide  filter  was  used  in  conjunction  with  the  (211)  plane  for 
the  steel  specimens.  The  value  of  E/(l  +  v)  used  for  the  steels  was 
1.59  x  105  MPa  [5]. 

All  testing  was  performed  at  room  temperature.  Prior  to  examination 
of  the  SCOD  behavior,  the  samples  were  "shaken  down"  by  several  hundred 
cycles  under  load  control  in  axial  tension  in  the  SEM  stage.  Load  limits 
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FIGURE  4.  SURFACE  MICROCRACK  IN  4140  SPECIMEN  4140-1 
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FIGURE  5.  SURFACE  MICROCRACK  IN  HY-130  SPECIMEN  HY-8 
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FIGURE  6.  SURFACE  MICROCRACK  IN  HY-130  SPECIMEN  HY-9 


FIGURE  7.  SURFACE  MICROCRACK  IN  HY-130  SPECIMEN  HY-11 
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used  were  *  100-400  MPa  for  Che  4140  and  100-  600  MPa  for  the  HY-130. 

Both  static  and  dynamic  measurements  of  the  SCOD  vs.  load  behavior  were 
performed  on  the  specimens.  Dynamic  observations  were  made  at  a  cyclic 
frequency  of  1  Hz.  In  addition,  two  specimens  were  cycled  for  3000-  4500 
cycles  in  an  aqueous  solution  of  3.5%  NaCl  after  the  initial  measurements. 
SCOD  vs.  load  behavior  was  remeasured  for  one  of  the  specimens  to  deter¬ 
mine  the  inf ’ uence  of  the  brine  environment  on  crack  opening.  Measure¬ 
ments  on  the  other  specimen  are  currently  being  performed. 

B.  ResuJ is  and  Discussion 

>  1  uncorrected  surface  values  of  residual  stress  (or)  and  surface 
crack  lengths,  as  determined  by  optical  metallography,  for  all  specimens 
are  compared  in  Table  II.  As  can  be  seen  from  the  data,  surface  crack 
length  ranges  from  »  175  -  500  u.  While  the  4140  sample  is  virtually 
stress  free,  surface  residual  stresses  in  the  HY-130  samples  range  from 
*  160  -  660  MPa. 

Micrographs  and  videotapes  were  taken  at  the  center  of  the  crack  and 
at  one  of  the  crack  tips  at  several  loads  for  each  specimen.  The  measured 
SCOD  values  as  a  function  of  applied  stress  are  presented  for  the  center 
of  the  crack  for  all  specimens  in  Figures  9  and  10.  In  the  case  of  the 
4140  and  the  two  HY-130  specimens  with  or  ;  160  MPa,  crack  opening  begins 
immediately  with  load  and  rises  linearly  throughout  the  experiment.  The 
cracks  in  the  two  specimens  of  HY-130  with  or  *  660  MPa  did  not  open  at 
all  during  the  test. 

This  behavior  can  be  compared  with  that  found  earlier  for  relatively 
large  corner  cracks  in  Ti-6A1-4V  which  had  grown  considerably  below  the 
depth  of  significant  compression.  Although  described  in  more  detail  in 


13 


TABLE  II 

SAMPLE  CHARACTERISTICS 


Sample 

Material 

Surface 

Crack  Length 

(um) 

Uncorrected  Surface 
Residual  Stress 
(MPa) 

4140-1 

4140 

290 

=  0 

HY-8 

HY-130 

375 

-640 

HY-9 

HY-130 

175 

-660 

HY-11 

HY-130 

325 

-165 

HY-14 

Hy-130 

500 

-165 

Surface  Crack  Opening  Displacement  (pm) 


v 


0  100  200  300  400  500  600 


Applied  Stress  (MPa) 


FIGURE  10.  SURFACE  CRACK  OPENING  DISPLACEMENT  BEHAVIOR  OF  ALL 
HY-130  SPECIMENS  TESTED  IN  AIR 
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the  appendix,  the  main  result  of  those  experiments  was  that  crack  opening 
was  delayed  until  the  load  increased  to  a  value  large  enough  to  overcome 
the  residual  compressive  stress  due  to  peening.  In  the  present  case,  it 
appears  that  the  much  smaller  cracks  in  the  steel  specimens  are  completely 
within,  or  nearly  so,  the  zone  of  residual  compressive  stress  for  the  two 
specimens  with  or  *  660  MPa.  When  or  =  160  MPa,  it  does  not  appear  to  af¬ 
fect  crack  behavior  significantly.  Experience  indicates  that  such  a  low 
value  of  compression  is  most  likely  extremely  shallow  and  thus  would  not 
be  expected  to  have  a  dramatic  effect  on  crack  opening.  Profiles  of  the 
stress  gradients  in  the  HY-130  specimens  are  currently  being  performed 
to  verify  this  point.  Also,  the  two  samples  with  or  *  660  MPa  are  being 
stress  relieved  so  that  the  effect  of  the  large  residual  compression  can 
be  verified. 

The  two  samples  of  HY-130  which  had  or  :  160  MPa,  HY-11  and  HY-14, 
were  cycled  for  3000  cycles  in  air  between  the  load  limits  40  -  400  MPa. 

No  apparent  crack  growth  was  detected  on  the  surface  of  these  specimens 
during  the  cycling.  Cyclir g  was  then  repeated  in  an  aqueous  solution  of 
2.5%  NaCl.  A  plot  of  SCOD  vc.  load  for  HY-11  before  and  after  the  salt¬ 
water  exposure  is  presented  in  Figure  11.  As  can  be  seen  from  the  figure, 
the  effect  of  the  saltwater  was  to  delay  the  opening  of  the  crack  until 
approximately  250  MPa.  A  comparison  of  crack  opening  in  the  two  cases  at 
a  stress  of  415  MPa  is  shown  in  Figure  12.  Close  examination  of  the  crack 
surface  after  the  saltwater  exposure  showed  it  to  be  filled  with  a  corrosion 
product,  presumably  an  oxide  (Figure  13).  Apparently  the  corrosion  prod¬ 
uct  wedged  the  crack  open  at  some  distance,  thus  preventing  it  from  fully 
closing  down  during  unloading.  This  is  consistent  with  observations  on 
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FIGURE  11.  COMPARISON  OF  SURFACE  CRACK  OPENING  DISPLACEMENT 
BEHAVIOR  IN  HY-130  SPECIMEN  HY-11  IN  AIR  AND  AN 
AQUEOUS  3.5%  NaCl  SOLUTION 
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FIGURE  13.  MICROGRAPH  OF  THE  SURFACE  MICROCRACK  IN  HY-130 
SPECIMEN  HY-11  AFTER  CYCLING  IN  AN  AQUEOUS  3.5% 
NaCl  SOLUTION.  Note  that  corrosion  product 
fills  the  crack. 


FIGURE  14.  FRACTOGRAPH  OF  HY-130  SPECIMEN  HY-11  AFTER  CYCLING 
IN  AN  AQUEOUS  3.5%  NaCl  SOLUTION  SHOWING  SEVERE 
PITTING  AND  GENERAL  CORROSION  OF  THE  CRACK  SURFACE 


large  cracks  in  HY-130  [6]  and  other  steels  [7]  when  growth  is  restricted 
to  the  near-threshold  region.  This  wedging  action  of  the  corrosion  prod¬ 
uct  effectively  reduces  the  applied  AK;  thus,  it  reduces  crack  growth. 

Sample  HY-11  was  subsequently  broken  open  to  reveal  the  internal 
crack  surfaces.  Figure  14  shows  the  severe  pitting  and  oxidation  which 
was  typical  of  the  entire  crack  surface  in  this  specimen.  Similar  mea¬ 
surements  are  currently  being  performed  on  Sample  HY-14.  An  attempt  will 
be  made  to  profile  the  crack  in  this  case  to  determine  the  amount  of  wedg¬ 
ing  at  the  buried  crack  tip. 


III.  PREDICTION  OF  SCOD  VS.  LOAD  BEHAVIOR 


A.  Comparison  of  Predicted  and  Observed  Surface  Microcrack  Openings 

A  detailed  description  of  the  analytical  approach  developed  for  the 
prediction  of  SCOD  behavior  in  surface  cracks  and  a  summary  of  previous 
results  are  given  in  the  appendix.  In  general,  it  was  found  that  the  ap¬ 
proach  gave  excellent  correlation  between  predicted  and  observed  SCOD  be¬ 
havior  for  Mode  I  surface  microcracks,  comer  cracks,  and  surface  micro¬ 
cracks  when  no  surface  residual  stresses  were  present.  The  presence  of 
a  residual  compressive  stress  gradient  produced  an  overestimation  of 
crack  opening  with  load.  This  problem  will  be  dealt  with  in  Part  B  of 
this  section. 

Prior  to  this  report,  comparison  of  experimental  and  predicted  re¬ 
sults  has  only  been  reported  for  Ti-6A1-4V.  During  the  current  year,  com¬ 
parisons  between  predicted  and  observed  openings  were  performed  for  the 
4140  specimen.  The  results  of  the  comparison  are  presented  in  Figure  15. 
Again,  excellent  agreement  was  obtained  between  prediction  and  experiment 
(recall  that  the  4140  specimen  was  stress  free) .  The  large  error  bars 
are  due  to  the  extremely  small  openings  in  the  210  GPa  modulus  steel. 

(The  modulus  for  T1-6A1-4V  is  about  one-half  that  for  steel.)  Accuracy 
in  such  measurements  can  be  improved  by  viewing  the  videotapes  on  a  wide 
screen,  projection-type  television.  Dynamic  measurements  on  the  steel 
specimens  discussed  in  this  report  are  currently  beind  conducted.  These 
data  will  be  used  for  similar  comparisons  for  the  two  KY-130  specimens 


in  which  opening  was  observed. 


Surface  Crack  Opening  Displacement  (pm) 
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B.  Prediction  of  SCOP  Behavior  in  the  Presence  of  a  Residual  Stress 

Gradient 

As  mentioned  above,  the  results  included  in  the  appendix  show  that 
the  analytical  approach  used  in  this  program  overpredicts  crack  opening 
with  load  when  a  near-surface  residual  compressive  stress  gradient  is 
present.  The  approach  is  based  on  combining  an  expression  for  the  dis¬ 
placement  of  a  part-through  crack  due  to  Irwin  [8]  with  values  of  the 
surface  crack  tip  stress  intensity  factor  obtained  from  a  computer  pro¬ 
gram  called  BIGIF  (Boundary  Integral  Generated  Influence  Functions)  [9]. 

The  BIGIF  program  calculates  a  "global"  stress  intensity  factor  for  each 
position  by  integrating  over  the  crack  front.  Thus,  the  constraints 
introduced  by  a  three-dimensional  part-through  crack  and  an  imposed 
gradient  in  stress  across  the  crack  are  readily  handled.  Theoretically 
then,  the  stress  intensity  factors  calculated  by  BIGIF  should  be  appro¬ 
priate. 

The  logical  source  of  the  discrepancy  lies  in  the  opening  expression 
itself.  The  opening  expression  derived  in  the  appendix  assumes  that  the 
crack  opens  as  a  semiellipse.  Thus,  the  crack  profile  is  constrained  to 
follow  a  prescribed  elliptical  path  for  a  given  loading  condition  and 
crack  geometry.  If  the  applied  stress  is  not  uniform,  as  in  the  case  of 
the  near-surface  residual  compressive  stress  gradient  imposed  on  the  cor¬ 
ner  cracks  in  Ti-6A1-4V  described  in  the  appendix,  the  results  indicate 
that  the  crack  can  close  down  more  at  the  surface  than  at  some  point  under¬ 
neath  the  surface.  This  is  due  to  the  fact  that  the  buried  crack  tip,  if 
it  has  grown  out  of  the  region  of  significant  residual  stress,  is  only  in¬ 
fluenced  by  the  residual  stress  gradient  insofar  as  it  is  connected  to  the 
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surface  by  the  material  along  the  crack  front.  In  this  instance,  the 
buried  crack  tip  will  open  to  a  significant  fraction  of  the  elastic  open¬ 
ing  which  it  would  have  had  if  no  residual  stress  gradient  were  present. 
The  result  will  be  a  lenticular  crack  profile  through  the  thickness  which 
violates  the  geometry  of  the  SCOD  derivation. 

In  order  to  account  for  this  discrepancy,  another  computer  program 
(3D-BINTEQ;  3-D  Boundary  Integral  Technique)  [10]  has  been  obtained  which 
allows  the  direct  calculation  of  crack  surface  displacements  in  the  pres¬ 
ence  of  residual  stresses.  This  program  also  uses  the  boundary  integral 
technique  and  served  as  the  basis  for  the  derivation  of  the  influence 
functions  for  the  various  crack  geometry  options  available  in  BIGIF.  This 
relationship  assures  compatibility  between  stress  intensity  factor  and 
crack  opening  displacement  results.  An  appropriate  elemental  model  for 
the  comer  cracks  described  in  the  appendix  has  been  formulated  and  runs 
are  currently  being  made  to  assess  the  success  of  predictions  of  SCOD  for 
these  cracks  in  the  presence  of  residual  stresses. 

C.  Lifetime  Predictions  for  Cracks  Under  the  Influence  of  Surface 

Residual  Stresses 

The  overall  objective  of  this  program  is  to  be  able  to  predict  how 
residual  stresses  and  environment  affect  crack  growth  behavior  and,  thus, 
component  lifetime.  Another  reason  for  choosing  BIGIF  for  use  in  this 
program  was  the  inherent  ability  to  compare  calculated  stress  intensity 
data  with  tabulated  crack  growth  data.  The  version  of  BIGIF  used  herein 
also  has  the  ability  to  incorporate  negative  R-ratio  effects  with  the 
equation  derived  by  Yuen  et  al  [11].  This  allows  the  superposition  of 
residual  compressive  stress  gradients. 


Using  che  crack  geometry  in  Figure  16  and  the  residual  stress  gradi¬ 
ent  from  Sample  Ti-2  (see  appendix)  shown  in  Figure  17,  parametric  life¬ 
time  runs  were  calculated  for  a  Ti-6A1-4V  sample  with  a  surface  microcrack 
at  the  center  of  one  of  its  faces.  A  Kjc  value  of  65  MPav'm  was  used  for  the 
purposes  of  the  calculation.  Two  a/c  ratios  were  used,  0.2  and  0.6,  with 
three  crack  depths.  The  smallest  crack  depth  represented  the  buried  tip 
resting  at  the  point  of  maximum  residual  compression;  the  intermediate 
crack  depth  represented  the  buried  tip  resting  at  the  boundary  of  the  zone 
of  significant  residual  compression;  and  the  largest  crack  depth  represented 
the  .buried  crack  tip  resting  well  outside  of  the  zone  of  residual  stress. 

A  comparison  of  lifetime  results  for  the  cases  of  no  residual  stresses 
present  vs.  the  cases  with  the  residual  stress  gradient  of  Figure  17  is  pre¬ 
sented  in  Table  III.  As  can  be  seen  from  the  data,  a  slight  increase  in 
lifetime  is  obtained  in  the  sample  which  has  a  near-surface  residual  stress 
gradient  when  the  crack  depth  is  either  at  the  boundary  of  significant  re¬ 
sidual  compression  or  when  the  crack  depth  is  well  past  the  boundary.  When 
the  crack  is  completely  imbedded  in  the  zone  of  residual  compression,  how¬ 
ever,  an  order  of  magnitude  increase  in  lifetime  is  found.  Thus,  the  re¬ 
sidual  stress  gradient  dramatically  affects  the  initial  stages  of  crack 
growth. 


Depth  (um) 


NEAR-SURFACE  RESIDUAL  STRESS  GRADIENT 
USED  IN  BIGIF  PARAMETRIC  RUNS 


TABLE  III 


COMPARISON  OF  LIFETIME  PREDICTIONS  FROM  PARAMETRIC 
BIGIF  CALCULATIONS  FOR  THE  EFFECT  OF 
NEAR-SURFACE  RESIDUAL  STRESS  GRADIENTS 


Crack  Depth 

(um)  a/c 


Compressive  Residual 
Stress  Gradient  Present 
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IV.  CONCLUSIONS 

A  3.5%  NaCl  aqueous  environment  significantly  affects  the  SCOD, 
thus  growth  behavior,  of  surface  microcracks  in  HY-130.  Oxide 
wedging  of  a  microcrack  in  this  region,  where  the  oxide  thickness 
is  on  the  order  of  the  SCOD,  appears  to  reduce  the  effective  IK 
on  the  crack.  A  reduction  in  crack  growth  rate  is  expected  due 
to  this  phenomenon. 

The  analytical  approach  previously  developed  on  this  program  ac¬ 
curately  predicts  crack  opening  vs.  load  for  steels  as  well  as 
Ti  alloys  in  the  absence  of  near-surface  residual  stress  gradients. 
The  inability  of  the  analytical  approach  to  properly  predict  SCOD 
behavior  when  a  near-surface  residual  stress  gradient  is  present 
is  most  likely  due  to  a  violation  in  the  assumptions  inherent  in 
the  opening  expression.  The  use  of  a  boundary  integral  computer 
program  should  allow  for  proper  calculation  of  opening  behavior. 
Crack  growth  calculations  show  that  residual  compressive  stress 
gradients  (such  as  those  obtained  by  shot-peening)  can  have  a 
dramatic  effect  on  the  lifetime  of  surface  flaws  when  the  cracks 
are  completely  imbedded  in  the  stress  field.  A  slight  advantage 
in  lifetime  is  still  maintained  even  if  the  crack  is  deeper  than 
the  zone  of  significant  residual  stress. 
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ABSTRACT:  Direct  observations  of  the  surface  crack  opening  displacement 
(SCOD)  of  surface  and  corner  fatigue  cracks  were  made  on  samples  of  Ti- 
6A1-4V  under  both  cyclic  and  static  loading  conditions.  The  experiments 
were  conducted  in- situ  in  a  scanning  electron  microscope.  Results  show 
that  surface  residual  stresses  can  significantly  affect  crack  opening 
behavior,  thus  crack  growth  behavior,  even  when  the  crack  has  "frown  well 
beyond  the  zone  of  residual  stress.  An  analytical  approach  was  developed 
and  used  to  predict  SCOD  for  Mode  I  part-through  cracks  based  on  crack 
geometry  and  the  boundary  integral  technique.  Correlation  with  independent 
results  for  macrocracks  and  values  for  microcracks  measured  in  this  program 
are  excellent  for  the  case  of  zero  residual  stress.  The  analytical  approach 
is  currently  being  extended  to  more  accurately  account  for  the  presence  of 
residual  stress  gradients. 

KEY  WORDS:  residual  stress,  fatigue,  part- through  crack,  crack  opening 
displacement,  stress  intensity,  titanium. 


Residual  stresses  are  introduced  in  metal  surfaces  by  many  common 
mechanical  and  thermal  processes.  Their  introduction  be  intentional, 
as  in  the  case  of  shot-peening,  or  inadvertent,  as  in  the  case  of  differ* 
ential  contraction  between  veld  metal  and  base  material  during  solidifi¬ 
cation  and  cooldown.  The  affected  region  due  to  shot-peening  is  generally 
quite  thin  with  a  maximum  depth  of  125-250  u,  while  welding- induced  resid¬ 
ual  stresses  can  extend  to  significant  depths  in  the  material.  Since  fa¬ 
tigue  crack  initiation  usually  occurs  at  or  near  a  free  surface  and  Initial 
growth  rates  are  very  low  («  10“6  mm/cycle),  fatigue  cracks  spend  a  sig¬ 
nificant  portion  of  their  lifetimes  under  the  influence  of  the  surface 
residual  stress  state.  Although  several  studies  [1-3]  have  been  con¬ 
ducted  to  evaluate  the  effects  of  surface  condition  on  fatigue  behavior 
in  both  ferrous  and  nonferrous  alloys,  the  fundamental  relationship  be¬ 
tween  surface  condition  and  fatigue  crack  initiation  and  growth  remains 
to  be  defined. 

Data  by  Leverant  et  al  [4]  and  others  [5]  have  shown  that  surface 
residual  stresses  do  not  significantly  alter  crack  initiation  behavior 
in  titanium  alloys  but  that  crack  propagation  can  be  profoundly  affected 
by  their  presence.  This  suggests  that  residual  stresses  act  to  modify 
crack  opening  displacement  (COD)  behavior  by  changing  the  effective 
stress  intensity  range  [COD  i  ^eff  /  (4EOy2)  ] .  Since  COD  can  be  di¬ 
rectly  related  to  crack  growth  [6,7],  the  surface  residual  stress  state 
could  markedly  affect  propagation  behavior  without  necessarily  influenc¬ 
ing  the  number  of  cycles  required  for  Stage  I  crack  initiation. 

The  present  investigation  was  undertaken  to  quantify  the  effects 
of  surface  residual  stresses  on  surface  crack  opening  displacement  (SCOD) 
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behavior  of  part-through  crack*.  In  the  context  of  this  paper,  SCOD  Is 
defined  as  the  crack  opening  at  the  central  portion  of  the  crack  as  op¬ 
posed  to  the  opening  at  the  tip  of  the  crack.  Current  results  of  exper¬ 
imental  observations  are  presented  herein  which  compare  SCOD  behavior  in 
the  absence  and  presence  of  a  compressive  residual  stress  field.  In  ad¬ 
dition,  the  initial  results  of  attempts  to  analytically  model  SCOD  vs. 
load  behavior  are  presented. 

MATERIAL  AND  EXPERIMENTAL  PROCEDURES 

The  chemical  analysis  of  the  T1-6A1-4V  material  used  in  this  study 
is  given  in  Table  1.  The  material  was  machined  from  a  pancake  forging 
that  was  forged  at  1241  K  in  the  alpha-beta  phase  field,  annealed  for 
one  hour  at  1227  K,  water  quenched  and  then  aged  at  977  K  for  two  hours. 
This  resulted  in  a  microstructure  of  primary  alpha  embedded  in  a  matrix 
of  transformed  beta  with  an  average  alpha  particle  size  of  approximately 
14  um.  The  microstructure  is  shown  in  Figure  1. 

A  cantilever  beam  fatigue  specimen  was  designed  to  ensure  surface 
crack  initiation.  Figure  2  shows  the  tapered  gage  section  which  yields 
a  constant  stress  over  the  entire  gage  length.  It  can  be  seen  from  the 
figure  that  slots  are  incorporated  in  the  grip  sections  to  allow  for  flx- 
turlng  the  specimen  into  the  SHU  loading  stage  after  the  inltatlon  of 
cracks  in  a  bending  rig. 

The  SEM  loading  stage  is  shown  in  Figure  3.  The  stage  is  capable 
of  cyclically  loading  a  sample  in  tens ion- tens ion  at  loads  up  to  3780 
Newtons  at  frequencies  ranging  from  0-5  Hz  while  maintaining  the  area 
of  interest  within  the  viewing  screen  of  the  SD1  and  in  focus.  Crack 
behavior  can  be  videotaped  and  replayed  for  analysis  of  crack  opening 
displacement  response.  In  addition,  samples  can  be  statically  loaded 
in  tension  at  loads  up  to  4895  Newtons. 
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Residual  stress  wes  introduced  in  the  specimen  surfaces  by  shot— 
peening  at  an  intensity  of  0.011A.  The  samples  were  then  lightly  polished 
by  standard  metallographic  techniques.  A  final  electropolish  and  light 
etch  (35  H2O  - 10  HF  -  5  HNO3)  were  then  used  to  reveal  the  surface  micro¬ 
structure  of  the  specimens.  A  total  of  less  than  75  pm  of  material  was 
removed  by  this  process  which  allowed  the  elimination  of  the  surface 
roughness  induced  by  the  peening  without  significant  relaxation  of  the 
surface  residual  stress  state.  Material  was  removed  equally  from  both 
sides  of  the  specimen  to  prevent  specimen  bowing. 

The  two-exposure  x-ray  technique  [8]  was  used  to  measure  the  surface 
residual  stress  on  all  the  samples.  A  computer  program  was  developed  to 
perform  a  parabolic  curve  fit  on  the  intensity  vs.  26  data  obtained  from 
the  x-ray  measurements.  Enough  points  were  used  to  define  the  peaks  of 
Interest  at  p  «  0  and  45”,  then  the  peak  positions,  peak  shift,  and  re¬ 
sidual  stress  were  calculated.  A  comparison  of  measurements  on  a  sample 
with  a  slight  amount  of  compressive  residual  stress  taken  at  different 
times  under  similar  conditions  showed  that  the  technique  was  reproducible 
to  within  ±  0.015*  for  peak  positions  and  ±  5.06  MPa  in  residual  stress 
(Table  2).  This  is  well  within  the  predicted  accuracy  of  the  technique  [8]. 

Cu  Kq  radiation  was  used  for  all  measurements  in  conjunction  with  a 
0.2*  receiving  slit  and  a  3*  primary  beam  slit.  The  3*  primary  beam  slit 
was  masked  with  a  127  um  thick  alpha  brass  foil  to  restrict  the  height  of 
the  beam  impinging  on  the  sample  surface  to  within  the  thickness  of  the 
gage  section.  No  Seller  slits  were  used  and  the  measurements  for  all 
peaks  were  performed  with  the  detector  at  the  focus  position  for  each 
peak.  A  Ni  filter  was  used  to  ensure  a  strong  Cu  Kg  peak.  The  (213) 
plane  of  alpha  titanium  was  chosen  for  the  diffracting  plane  which  has 


a  peak  at  approximately  29  ■  141°.  The  stress  constant  for  these  condi¬ 
tions  is  5.51  MPa/0. 01°  428. 

Residual  stress  profiles  were  obtained  by  alternating  x-ray  stress 
measurements  and  removal  of  material  by  electropolishing  until  the  stress 
became  negligible.  Profiles  were  corrected  for  both  beam  penetration  and 
stress  relaxation  due  to  layer  removal. 

All  samples  were  precracked  in  bending  within  the  strain  limits  of 
0.3  ±  0.5Z  at  1  Hz.  All  testing  was  performed  at  room  temperature.  Prior 
to  examination  of  the  SCOD  behavior,  the  samples  were  "shaken  down"  by  sev¬ 
eral  hundred  cycles  under  load  control  in  axial  tension  in  the  SEM  loading 
stage.  Load  limits  used  for  the  shakedown  were  100-560  MPa  applied  at  1  Hz. 
Both  static  and  dynamic  measurements  of  the  SCOD  vs.  load  behavior  were  per¬ 
formed  on  the  three  specimens. 

Dynamic  observations  of  the  cyclic  loading  were  videotaped  for  real 
time  measurement  of  SCOD.  The  samples  were  also  step  loaded  to  allow  for 
still  photographs  at  each  loading  increments  SCOD  vs.  load  data  obtained 
by  these  two  techniques  were  compared  for  consistency.  One  sample,  Ti-6, 
was  stress-relieved  subsequent  to  the  initial  SCOD  measurements  and  the 
measurements  were  then  repeated.  This  allowed  a  direct  observation  of  the 
effect  of  residual  stress  on  crack  opening  for  a  particular  crack.  After 
all  testing  was  completed,  crack  geometries  were  obtained  by  incremental 
polishing  through  the  specimen  with  measurements  of  crack  length  taken 
at  each  depth. 

RESULTS  AND  DISCUSSION 

Experimental 

The  corrected  compressive  portions  of  the  residual  stress  profiles 
for  Samples  Tl-2  and  Ti-6  are  presented  in  Figure  4.  The  profile  for 
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Ti-6  was  determined  on  a  separate  specimen  which  underwent  similar  treat¬ 
ment  and  had  a  comparable  surface  stress  value  In  order  to  allow  for  stress 
relief  of  Ti-6  after  the  Initial  SCOD  measurements.  As  can  be  seen  from 
the  data,  the  two  specimens  differ  In  maximum  compressive  residual  stress 
by  approximately  300  MPa,  although  both  samples  have  a  significant  amount 
of  compression  at  their  surfaces. 

The  cracks  used  for  observation  In  both  Ti-2  and  Ti-6  were  corner 
cracks  with  profiles,  as  shown  In  Figure  5.  It  should  be  noted  that  the 
shaded  portion  represents  the  extent  of  the  zone  of  compressive  residual 
stress.  The  effects  of  balancing  tensile  stresses  were  Ignored  due  to 
the  fact  that  they  act  over  a  much  larger  area  and  will  not  attain  a  sig¬ 
nificant  magnitude.  Thus,  most  of  the  crack  front  in  both  specimens  had 
grown  well  out  of  the  zone  of  significant  residual  stress  prior  to  the 
SCOD  measurements. 

At  several  loads,  crack  opening  was  recorded  by  micrographs  and 
videotape  at  the  center  of  the  crack  and  at  the  crack  tip  on  the  polished 
face  of  each  specimen.  The  measured  SCOD  values  as  a  function  of  applied 
stress  are  presented  for  the  center  of  the  crack  in  Figure  6.  Since  dy¬ 
namic  and  static  measurements  were  extremely  close  in  value,  average  val¬ 
ues  were  used  to  draw  the  graphs.  Any  effects  of  residual  opening  have 
been  subtracted  out.  In  both  cases,  the  crack  remains  closed  until  the 
stress  reaches  approximately  300  MPa.  After  that  point,  the  SCOD  in¬ 
creases  approximately  linearly  with  stress.  This  is  illustrated  in  the 
sequence  of  photographs  from  Sample  Tl-6  in  Figure  7. 

Figure  8  shows  the  crack  tips  away  from  the  edge  in  both  samples  at 
amrimmi  load.  As  can  be  seen  from  the  figures,  the  tips  have  only  just 


6 


begun  Co  open,  even  at  loads  approaching  560  MPa.  This  indicates  chat  Che 
residual  compressive  stress  present  at  the  surface  of  the  two  specimens  is 
strongly  influencing  the  surface  crack  tip  opening  displacement  (CTOD) 
through  the  entire  loading  cycle. 

Figure  9  presents  a  comparison  of  the  SCOD  vs.  load  behavior  of 
Sample  Ti-6  before  and  fter  a  stress  relief  heat  treatment  conducted  at 
540*C  for  one  hour  in  vacuum.  As  can  be  seen  from  the  figure,  subsequent 
to  the  stress  relief  treatment,  crack  opening  begins  shortly  after  the 
application  of  load.  In  addition,  the  opening  Increases  linearly  with 
stress  as  soon  as  the  crack  begins  to  open. 

Above  a  stress  of  approximately  350  MPa,  the  SCOD  vs.  stress  curve 
for  the  stress-relieved  material  becomes  nonlinear.  This  behavior  indi¬ 
cates  a  plastic  yawing  open  of  the  crack  tip.  Such  opening  is  apparent 
in  the  sequence  of  photographs  in  Figure  10  which  contrast  the  surface 
CTOD  in  Sample  Tl-6  at  two  loads  before  and  after  the  stress  relief 
treatment .  The  photographs  show  that  while  the  crack  tip  in  Tl-6  in 
the  shot-peened  condition  remains  closed  (or  nearly  so)  throughout  the 
entire  loading  sequence,  the  crack  tip  in  the  stress-relieved  condition 
begins  to  open  with  the  onset  of  nonlinearity  in  the  SCOD  vs.  load  curve 
(Figure  9) .  In  addition,  while  no  growth  occurred  during  the  experiments 
performed  on  the  samples  in  the  shot-peened  condition.  Figure  10 
shows  that  the  crack  in  Ti-6  did  propagate  across  several  grains  (-  40  y) 
during  the  course  of  the  experiment  after  the  stress  relief  treatment. 

This  crack  growth  can  actually  be  observed  in  the  videotaped  sequences. 
These  results  emphasize  the  strong  Influence  that  the  surface  stresses 
have  on  surface  crack  opening,  and  thus  crack  growth,  behavior.  Even 


after  the  majority  of  the  crack  has  moved  out  of  the  residual  stress  field, 
the  surface  opening  Is  still  reduced  substantially  by  the  compressive  sur¬ 
face  stress  state  and,  consequently,  surface  crack  growth  is  reduced.  This 
observation  has  strong  implications  with  respect  to  approaches  being  pro¬ 
posed  for  component  removal  from  service  (e.g.,  retirement- for-cause)  based 
on  nondestructive  inspection  and  fracture  mechanics. 

Analytical  Prediction  of  SCOP  Behavior 

Concurrent  with  the  experimental  observations  described  in  the  pre¬ 
vious  section,  the  development  of  an  analytical  approach  was  initiated  to 
allow  for  the  prediction  of  SCOD  behavior  under  the  influence  of  residual 
stress.  The  approach  chosen  is  based  on  the  stress  intensity  at  the  sur¬ 
face  crack  tip.  A  general  expression  for  the  SCOD  of  an  elliptical  crack 
was  derived  from  the  work  of  Irwin  [9]  which  gives: 


SCOD(r)  -  2n  -  2n 


y*T  1/ 2 

~  2ac^a2cos2$  +  c^sin^^  -  r^a^cos^  +  c^sin^^l 
•  * 


1/2 


where  n  is  the  half  crack  opening  at  the  point  of  Interest,  and  r,  nQ, 
a,  c,  and  $  are  as  defined  in  Figures  11  and  12.  Thus,  at  4>  •  0  and  r  -  c 
it  is  found  that  the  SCOD  of  a  surface  crack  is  simply: 


SCOD  -  2n  •  2n0  . 

For  the  case  of  the  corner  cracks  studied,  where  $  ■  0  and  r  ■  c/2, 


o  * 


SCOD  ■  2n  ■  1/3  n 


8 


In  these  expressions, 

„  .  2d  -  »2>  «  [  1  +  -ll(l  -  f)]* 

O  1  '■  —  ~  . — 1 

E  t 

where  v  -  Poisson's  ratio  of  the  material 

a  -  Applied  stress 

E  ■  Young's  modulus  of  the  material 

$  “  Elliptic  integral  of  the  second  kind 

(/0  [1-(1-[tf),1“2*]  '  d*) 

Recognizing  that  the  stress  Intensity  at  the  surface.  Kg,  is  given 
by: 

*s  «  ?  &  /f  l1  +  -12(X  ‘  ?)] 

then 

_  2  (1  -  v2)  ^Kg 

0 

It  was  desired  to  maintain  complete  generality  in  the  analytical  ap¬ 
proach  so  that  the  contributions  of  a  residual  stress  field  could  be  in¬ 
corporated  for  both  corner  and  surface  cracks.  Consistency  among  these 
various  cases  was  attained  by  obtaining  values  of  Kg  from  a  computer  pro¬ 
gram  known  as  BIGIF  [11].  This  program  calculates  values  for  Kg  by  the 
boundary  integral  technique  [12]  and  is  capable  of  treating  the  geometry 
and  stress  states  studied  in  this  program. 

*  Another  free  surface  correction  must  be  made  for  corner  cracks,  so  the 
term  in  brackets  must  be  made  to  read  [1  +  .2  (1  -  a/c) ]  in  this  case  [10]. 


As  can  be  seen  from  che  equations,  SCOD  behavior  for  a  given  material 
is  dependent  on  the  surface  crack  tip  stress  intensity  and  the  surface 
crack  length.  Predictions  based  on  these  expressions  were  compared  to  in¬ 
dependent  data  on  macro  surface  cracks  in  T1-6A1-4V  of  equivalent  micro- 
structure  and  yield  strength  gathered  by  Collipriest  [13].  Zn  his  work, 
Colllprlest  initiated  surface  cracks  in  samples  and  measure i  SCOD  vs.  load 
until  the  behavior  became  extremely  nonlinear  (i.e. ,  gross  plasticity  and 
extension  of  the  crack) .  Then  he  fatigued  the  sample  for  a  short  time  to 
mark  the  end  of  the  first  crack  extension  and  repeated  his  measurements. 
Figure  13  shows  a  comparison  of  SCOD  as  calculated  in  the  present  study 
to  that  measured  by  Collipriest  on  a  10, 000-urn  long  surface  crack.  As 
can  be  seen  from  the  figure,  the  agreement  is  excellent  up  to  the  point 
where  the  measured  behavior  becomes  nonlinear. 

The  applicability  of  this  analytical  approach  to  micro  surface 
cracks  was  subsequently  investigated.  Figures  14(a)  and  (b)  show  50- 
and  32- um  long  surface  cracks,  respectively,  in  a  sample  which  has  been 
surface  ground  parallel  to  the  stress  axis.  The  a/c  ratios  of  the  50- 
and  32- um  cracks  were  0.45  and  0.70,  respectively.  Little  or  no  surface 
residual  stress  was  present  in  this  specimen.  Figure  15  shows  a  compari¬ 
son  of  measured  versus  predicted  behavior  for  these  two  cracks.  As  can 
be  seen  from  the  figure,  the  results  of  the  calculations  again  give  ex¬ 
cellent  correlation  with  the  experimental  observations.  It  should  be 
mentioned  that  one  would  not  normally  expect  linear  elastic  fracture 
mechanics  to  apply  when  the  crack  length  and  depth  are  on  the  order  of 
the  grain  size  of  the  material.  It  Is  believed  that  che  extensive  de¬ 
gree  of  cold  work  in  the  ground  surface  causes  the  near  surface  material. 


In  which  Che  crack  is  wholly  contained,  Co  ace  as  a  continuum.  Indeed, 
experimental  results  obtained  on  7  to  18-um  long  surface  cracks  in  an 
electropolished  surface  of  T1-6A1-4V  do  not  agree  with  predictions  based 
on  the  present  analytical  approach  [14]. 

This  analytical  approach  was  also  evaluated  for  the  experimental 
data  on  the  two  corner  cracks  which  were  under  the  influence  of  a  large 
compressive  residual  stress.  Comparisons  of  5C0D  at  maximum  load  are 
given  in  Table  3.  The  previously  determined  residual  stress  profiles 
were  accounted  for  where  applicable.  As  can  be  seen  from  the  data,  the 
correlation  between  predicted  values  and  experimental  values  is  excellent 
for  the  stress  relieved  case.  When,  a  compressive  residual  stress  field  is 
present,  the  predicted  openings  are  larger  than  those  actually  observed. 

The  source  of  the  latter  discrepancy  can  either  be  a  result  of  an 
overestimation  of  Kg  in  BIGIF  or  the  failure  of  the  opening  expression 
when  a  stress  gradient  is  present.  In  an  attempt  to  resolve  this  anomaly, 
another  computer  program  based  on  the  boundary  Integral  technique,  3-D 
BINTEQ  [13],  is  currently  being  used  to  calculate  SCOD  directly.  These 
results  will  then  be  compared  to  those  obtained  through  the  combination  of 
BIGIF  and  the  derived  crack  opening  expression. 

CONCLUSIONS 

1.  It  has  been  demonstrated  that  surface  residual  stresses 
exert  a  significant  influence  on  the  surface  crack  open¬ 
ing  displacement  (and,  therefore,  effective  stress  in¬ 
tensity)  of  part-through  fatigue  cracks  in  T1-6A1-4V, 
even  if  the  majority  of  the  crack  front  resides  outside 
the  zone  of  residual  stress. 


11 


2.  An  analytical  approach  has  been  developed  for  predicting 
the  surface  crack  opening  displaceaent  (SCOD)  of  part- 
through  Mode  1  cracks.  It  has  been  applied  to  macrocracks 
as  well  as  microcracks  as  small  as  20  to  25  pm  in  depth. 

3.  In  the  absence  of  residual  stress,  agreement  between  cal¬ 
culated  and  measured  SCOD  Is  excellent.  In  the  presence 
of  a  high  level  of  residual  surface  compressive  stress, 
the  predicted  SCOD  Is  somewhat  larger  than  the  measured 
value. 

4.  The  closure  of  surface  cracks  due  to  high  compressive 
stresses  may  have  a  significant  impact  on  the  ability 
to  detect  these  cracks  by  conventional  nondestructive 
inspection  methods.  This  could  have  significant  im¬ 
plications  with  respect  to  run/retlre  decisions  for 
critical  components. 
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RANGE  OF  ANALYZED  COMPOSITIONS  FOR  T1-6A1-4V  MATERIAL 


Element 


Wt.  Pet. 


A1 

V 

Fe 

0 

N 

H 


6.3  -  6.4 

4.3 

0.10  -  0.18 
0.17  -  0.18 
0.013  -  0.015 
0.005  -  0.006 
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1st 

Run 

2nd 

Rim 

Measured  Quantity 

Cu  Peak 

Cu  Kq2  Peak 

Cu  Rai  Peak 

Cu  Ka2  Peak 

<M)*  Peak  Position 
C29) 

141.96 

142.77 

141.94 

142.75 

t)»"45*  Peak  Position 
C20) 

142.16 

142.93 

142. 12 

142.90 

Residual  Stress 
(MPa) 

-108.33 

-91.77 

-98.24 

-87.99 
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Sample 

Surface 

Residual 

Stress 

Value 

Maximum 

Stress 

(MPa) 

(MPaVo) 

Predicted 

SCOD 

Cu)  _ 

Measured 

SCOD 

(v> 

Ti-2 

-560 

500 

10.1 

6.0 

3.8 

Ti-6 

-860 

560 

9.6 

5.5 

3.1 

Ti-6+ 

*0 

560 

21.5 

11.2 

11.3 

t  Stress  relieved  after  Initial  experiment. 
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